Introduction
============

Aerobic ammonia-oxidizing bacteria (AOB) and archaea play an important role in the global nitrogen cycle by converting ammonium to nitrite (Kowalchuk and Stephen, [@B22]; Schleper and Nicol, [@B35]). Nitrite can then be further oxidized to nitrate by nitrite-oxidizing bacteria or used as an electron acceptor in a large number of microbial and chemical redox reactions. The diversity of aerobic AOB is limited to a small number of genera within the classes of the beta- and gammaproteobacteria (Kowalchuk and Stephen, [@B22]) but, based on studies applying the phylogenetic 16s rRNA gene and the functional *amoA* gene, the ammonia-oxidizing betaproteobacteria (β-AOB) are widely distributed and occur in many habitats. The studies that have been reported also demonstrated that their abundance is influenced by the prevailing environmental conditions. On the basis of the 16S rRNA gene, for example, it was shown that sequences belonging to the *Nitrosomonas oligotropha* lineage dominated in the more frequently flooded and actively nitrifying habitats in tidal freshwater wetlands, whereas sequences related to the *Nitrosospira* lineage were more abundant in habitats that were less frequently flooded and less active in relation to ammonium oxidation (Laanbroek and Speksnijder, [@B25]).

Mangroves are tree-dominated intertidal wetlands along tropical and subtropical coastlines with a specialized flora adapted to waterlogged and saline conditions. Mangroves are often found in distinct zones of different species and stature (Feller et al., [@B17]; Lovelock and Feller, [@B27]) with temperature, salinity, frequency of tidal inundation, soil texture, degree of soil anoxia, pH, predation, and competition being factors that account for the zonation (Alongi, [@B1]). Nutrient availability also varies spatially in mangroves and plays a key role in their size and distribution (Feller et al., [@B17]). Research on the abundance and diversity of AOB in mangroves has been limited to studies of polluted and rehabilitated mangrove sediments in Southeast Asia (Wickramasinghe et al., [@B43]; Cao et al., [@B12]; Li et al., [@B26]). Hence, there is little information about the distribution and abundance of AOB in mangroves at the global scale and even less is known about the abundance and distribution of AOB in relation to spatial variations of mangrove species and the factors that control their distribution and growth.

Almost all mangroves in the Indian River Lagoon of Florida were impounded, primarily between 1954 and 1970, to control noxious salt-marsh mosquitoes and biting midges (Rey and Kain, [@B33]; Brockmeyer et al., [@B9]). In later years culverts were placed in the dikes around the impoundments to restore limited tidal exchange and in a few impoundments, tropical storms destroyed sections of the dikes resulting in increased tidal exchange with the estuary.

In 2008 we initiated a study to determine the effects of altered hydrologic conditions on ecological characteristics of mangroves. The study was made possible because the St. Lucie County Mosquito Control and Coastal Management Services[^1^](#fn1){ref-type="fn"} had developed plans to alter the hydrology of one impoundment by pumping water into it during the season when nuisance insects were most problematic. We hypothesized that the hydrological changes would give rise to changes in ecological processes in the mangroves, including the growth rates of mangroves, the rates of nitrogen cycling, and the community composition of the AOB.

Here we report on the diversity of ammonia-oxidizing betaproteobacteria before, during, and after the changes in hydrology in three different Black mangrove habitats, i.e., locations with dwarf, sparse, and dense trees. We tested the hypotheses that changes in soil characteristics associated with habitat type and management-directed flooding for insect control would alter the community structure of the ammonia-oxidizing betaproteobacteria and thereby the rates of potential ammonia-oxidizing activity.

Materials and Methods
=====================

Study locations
---------------

Soil samples were collected in March 2008, 2009, and 2010 in two mangrove-dominated impoundments (27°33′N, 80°19′W) in the Indian River Lagoon, a coastal sub-estuary, located on North Hutchinson Island, St. Lucie County, FL, USA. The climatic conditions and subsoil characteristics of the study area have been previously described (Stringer, [@B37]; Stringer et al., [@B38]). Most of the mangroves in the Indian River Lagoon were impounded between 1954 and 1970 to control numbers of salt-marsh mosquitoes and biting midges. Following the establishment of the impoundments, most of the mangroves died. Subsequently, breaches in the dikes as a result of hurricanes and the installation of culverts through the dikes resulted in the restoration of tidal exchange between the impoundments and the estuary. Since the restoration of tidal exchange, mangrove-dominated vegetation has re-established in the impoundments (Brockmeyer et al., [@B9]). *Avicennia germinans* L. (Black mangrove) was the dominant species in both impoundments (Feller et al., [@B17]; Lovelock and Feller, [@B27]). However, the heights of the mangroves differed. The tallest mangroves occurred in the wettest habitats and at the upland-wetland border, while the shortest trees occurred in areas where the soil salinities were very high (18). Other abundant species throughout the impoundments were *Conocarpus erectus* (Button bush), *Batis maritima* (Saltwort), *Salicornia virginica* (Glasswort), and *Salicornia bigelovii* (Dwarf glasswort).

The March 2008 sampling represented conditions in the two impoundments prior to the pumping of estuarine water into Impoundment 24. In March 2009, rotational impoundment management (i.e., seasonal flooding by pumping water into the impoundment from the lagoon) was initiated and it coincided with our soil sampling. During the period of rotational pumping of estuarine water (March--October) much of the impoundment had standing water; at other times, water levels were allowed to fluctuate naturally through the culverts. Due to the changes in management practice initiated in March 2009, groundwater levels changed substantially in Impoundment 24. Water levels also changed in Impoundment 23 (Stringer, [@B37]) demonstrating that the impoundments, which are immediately adjacent to each other, were hydrologically connected by groundwater that flows beneath the dike that separated them. Changes in groundwater levels were greatest in Impoundment 24, but were evident throughout Impoundment 23, with the magnitude of the changes diminishing with distance within Impoundment 23 from Impoundment 24 (M. Rains, pers. comm.).

The soil samples that were collected for the analysis of the diversity of β-AOB were obtained at sites within each impoundment that had been the focus of earlier experiments (Feller et al., [@B17]; Whigham et al., [@B42]). All sampled sites were within 500 m of the dike between both impoundments and they were dominated by *A. germinans* L. (Black mangrove). One of the habitats sampled was referred to as "dwarf Black mangrove" or "dwarf" (Feller et al., [@B17]; Lovelock and Feller, [@B27]) because average tree height was less than 1 m and tree density was low resulting in less than 30% canopy coverage. Another Black mangrove-dominated habitat was located between the areas dominated by dwarf trees and wetter habitats that had taller trees. We refer to this habitat as "sparse Black mangrove" or "sparse." Tree height in the sparse habitat averaged 1.8 m and tree density resulted in a canopy coverage that ranged from 30 to 80%. The third Black mangrove-dominated habitat, hereafter called "dense Black mangrove" or "dense," had trees that averaged 3.6 m in height and the tree density resulted in a canopy coverage of greater than 80%. Within each impoundment, we selected five locations in each of the three habitats resulting in a total of 30 locations where soil samples were collected.

Soil collections
----------------

In the March 2008, 2009, and 2010 sampling periods, three soil cores (3.9 cm diameter and 10 cm long) were collected at each of the 30 sites. The sample locations were within 1-m of a Black mangrove that was being monitored for growth and leaf nitrogen content. Samples were collected with an aluminum tube that was sharpened at one end. The cores were immediately sealed at both ends with rubber stoppers and transported to the laboratory. One of the cores was used for removal of pore water that was analyzed for salinity, and pH. The top 10-cm of the two other cores were combined and thoroughly mixed by hand and subsequently sub-sampled for the determination of moisture content, for measurements of potential rates of nitrification, and for the analysis of the community structure of ammonia-oxidizing betaproteobacteria (β-AOB). Samples for the genetic analyses of the β-AOB were freeze-dried and stored until further analyses.

Determination of potential ammonia-oxidizing activities
-------------------------------------------------------

To estimate the numbers of active ammonia-oxidizing cells in the soil samples, potential ammonia-oxidizing activities (PAAs) were determined in slurries of 20 g fresh weight soil mixed with 50 ml of mineral medium containing ammonium at a final concentration of 1 mM, according to the protocol of Belser and Mays ([@B6]), as modified by Verhagen and Laanbroek ([@B40]). Salinities of the mineral media were adapted to the pore water salinity of each individual sample. The linear production of nitrite plus nitrate over time under optimal conditions of substrate, pH, and temperature was taken as a measure of the potential rate of ammonium oxidation. Measurements were performed within 16 h after collection of the soil samples and the rates were followed for 6 h with 90 min sampling intervals.

DNA isolation
-------------

Environmental DNA was extracted from the 0.5 g freeze-dried soil samples. The samples were homogenized by vortexing with 1 ml cetyltrimethylammonium bromide (CTAB) buffer (Zhou et al., [@B44]) and 0.5 g sterilized zirconia--silica beads (diameter 0.1 mm). The homogenized samples were subsequently subjected to disruption by bead-beating at a 5.0-m/s rotation for 60 s. After the addition of 5 μl proteinase K (20 mg/ml), the samples were incubated for 30 min at 37°C, and then vortexed after 15 min. After the addition of 150 μl of a 20% SDS solution, the samples were incubated for 1 h at 65°C in a Thermoblock apparatus and vortexed every 15--20 min. After centrifugation at 10,000 × *g* for 10 min, 600 μl of supernatant was collected in 2-ml screw-cap tubes. The rest of the sample was re-extracted with 450 μl CTAB buffer and 50 μl of a 20% SDS solution, vortexed for 10 s, incubated for 10 min at 65°C, and centrifuged at 6,000 × *g* for 10 min. Again, 600 μl was collected, added to the previously extracted supernatant, mixed with 1 ml phenol--chloroform--isoamyl alcohol solution (25:24:1, vol/vol/vol), and centrifuged at 6,000 × *g* for 10 min. One milliliter of supernatant was collected and placed into a new screw-cup tube containing 700 μl isopropanol, and the tube was incubated for 1 h at 24°C. After 20 min of centrifugation at 15,000 × *g*, the isopropanol was decanted and the pellet was resuspended and washed with 1 ml 70% cold ethanol. This was followed by 5 min of centrifugation at 15,000 × *g*, decantation of the ethanol, drying of the pellet under vacuum centrifugation, and finally, resuspension in 100 μl water (Sigma). Quantification was done with 2-μl DNA samples and a ND-1000 apparatus (Nanodrop Technology, Wilmington, DE, USA). DNA could not be obtained from four soil samples. These samples were all from Impoundment 23 in different years and mangrove habitats: one sample was from the zone with dwarf Black mangrove trees; three were from the "dense" habitat.

PCR and construction of clone libraries
---------------------------------------

Extracted DNA was amplified by nested procedure using two 16s rRNA gene primer sets specific for the majority of the betaproteobacterial AOB, i.e., the βAMO161f and βAMO1301r primer set of McCaig et al. ([@B29]) and the CTO189f and CTO654r primer set of Kowalchuk et al. ([@B23]). One hundred nanograms of purified DNA was used as template for a 50-μl PCR mixture containing 1× Mg-free buffer (Invitrogen Corp., Carlsbad, CA, USA), 0.5 μM of each primer, 200 μM of each deoxynucleotide triphosphate, 1.75 mM MgCl~2~, 400 ng/μl bovine serum albumin, 1.25 U GoTaq Hot Start Polymerase (Promega). The thermocycling program for both steps consisted of 2 min of denaturation at 95°C followed by 35 cycles of 30 s of denaturation at 95°C; 30 s of specific annealing at 59°C (βAMO primer set) or at 57°C (CTO primer set) and 45 s of elongation at 72°C; 5 min of final elongation was performed for all reactions. Nested amplifications of 25 cycles were performed with the primer set CTO189f and CTO654r on 1:100 dilutions of PCR products from the βAMO primer set. All reactions were verified by UV illumination of 1% agarose gels stained in a gel red or ethidium bromide solution.

Polymerase chain reaction fragments were ligated into the pGEM T-vector system (Promega Corporation, Madison, WI, USA) and transformed into JM109 competent *E. coli* cells (Promega) according to the manufacturers' instructions. Transformed colonies were screened for inserts of the correct size by PCR. In total 90 clone libraries were created comprising 8 −32 clones each. The number of clones was based on the number of bands detected by provisional DGGE analyses of the nested PCR products. Representative clones of the libraries were amplified with vector primers T7 and SP6 and PCR products were tested by standard preparative agarose gel electrophoresis. To ensure sequence read without ambiguities, vector products were sequenced with sufficient overlap of sequencing reads using the T7 and SP6 vector primers (Promega). Sequencing reactions were performed by Macrogen, Amsterdam, the Netherlands.

Sequence analyses
-----------------

Sequences were aligned and checked for chimeras using Sequencher 4.1 (Gene Codes Corporation, Ann Arbor, MI, USA). The resulting contigs were visually inspected and ambiguities manually resolved. Low quality contigs were removed from the dataset. After removing sequences of insufficient length or quality, the remaining 844 sequences were further analyzed. The aligned sequences were clustered in operational taxonomic units (OTUs) with the cluster program of MOTHUR software version 1.18.1 (Schloss et al., [@B36]). In addition, MOTHUR was also used for establishing rarefaction curves and group (i.e., OTU) representatives. OTUs at the level of 97% mutual similarity in their 16S rRNA gene sequences (418 bp) were chosen for further analyses. Sequence identification of the OTU-representatives was done by the BLASTN facility from the National Center for Biotechnology Information[^2^](#fn2){ref-type="fn"}. The partial 16SrRNA gene sequences were submitted to the GenBank database under accession numbers JQ725556--JQ726359.

Analysis of similarity (ANOSIM) between communities of β-AOB obtained from different impoundments, years, and mangrove habitats was done with the PRIMER software version 5.2.9 (Primer-E, Plymouth, UK). The same software was used for non-parametric multi-dimensional scaling of the β-AOB communities and for linking the community distribution to the measured environmental parameters (BIOENV).

Statistical analyses
--------------------

The values for the PAAs obtained for the different impoundments, sampling years, and mangrove habitats were analyzed with the STATISTICA software version 10 (StatSoft, Inc., Tulsa, OK, USA). A non-parametric Spearman rank correlation analysis between the potential ammonia oxidation activities and other soil characteristics was performed with the same software package.

Results
=======

Soil moisture content, pore water salinity, and pH
--------------------------------------------------

Soil moisture content in the three habitats in 2010 was significantly higher than the moisture content measured in 2009 (Figures [1](#F1){ref-type="fig"}A,B; ANOVA on log-transformed data: *F* = 4.01, *p* = 0.0223). There were no significant differences in soil moisture between 2008 and 2009 or between 2008 and 2010. There were no significant differences in soil moisture between the two impoundments but there were significant habitat differences (ANOVA on log-transformed data: *F* = 29.12, *p* = 0.0000); with increasing moisture in soils from the dwarf habitat compared to soils from sparse and dense habitats, respectively (Figure [1](#F1){ref-type="fig"}).

![**Average soil moisture content (A,B), pore water salinity (C,D), and pore water pH (E,F) in the samples collected in the three habitats in impoundments 23 (A,C,E) and 24 (B,D,F)**. Mangrove habitats are indicated by different colors: Blue = dwarf, red = sparse, and green = dense; SE in brackets.](fmicb-03-00153-g001){#F1}

Pore water salinity differed significantly between years with significant higher values in 2009 (Figures [1](#F1){ref-type="fig"}C,D; Kruskal--Wallis non-parametric ANOVA: *H* = 48.7758, *p* = 0.0000). Pore water salinity did not differ significantly between impoundments or the three habitats (Figures [1](#F1){ref-type="fig"}C,D).

Pore water pH differed between years with significantly lower values in 2010 after the estuarine water was pumped into Impoundment 24 (Figures [1](#F1){ref-type="fig"}E,F; ANOVA: *F* = 10.32, *p* = 0.0001). Again, there were no significant differences between impoundments, but pH differed across the three habitats (ANOVA on log-transformed data: *F* = 29.12, *p* = 0.0000) with significantly lower values in the dense mangrove habitat.

Matching the soil characteristics of the three mangrove habitat types with the community compositions of the AOB resulted in Spearman Rank correlations of 0.028, 0.011, and −0.034 for soil moisture content, salinity, and pore water pH, respectively.

Potential ammonia-oxidizing activities
--------------------------------------

The activity of potential AOB declined significantly (Kruskal--Wallis non-parametric ANOVA: *H* = 19.5664, *p* = 0.0001) between 2008 and 2009 (Figure [2](#F2){ref-type="fig"}). Activity levels were lowest in 2010 but the differences between 2009 and 2010 were not significant. PAAs were not significantly different between impoundments or habitats. Testing the relationship between PAAs and the three habitats yielded a Spearman Rank correlation of 0.108.

![**Average potential ammonia-oxidizing activities measured in soil suspensions collected from three different habitats characterized by dwarf (blue bars), sparse (red bars), or dense (green bars) *Avicennia germinans***. Soils were collected in March 2008, 2009, and 2010 in impoundments 23 and 24 in the Indian River Lagoon, Florida. SE are presented in brackets.](fmicb-03-00153-g002){#F2}

Microbial diversity
-------------------

Based on 97% mutual similarity between the 16S rRNA genes (418 bp), the 844 qualified sequences could be classified into 13 different OTUs. Due to differences in sequence quality the numbers of approved clones differed among impoundments, sampling years, and mangrove habitats (Table [1](#T1){ref-type="table"}). Accounting for 45% of the total clones, OTU01 was the most numerous OTU and had the highest relative numbers in Impoundment 24, the dwarf habitat and in 2008 (Figures [3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}). With 23% of the total, OTU04 was the second most numerous and had the highest relative abundances in Impoundment 24 and the dense habitat. Its relative abundances were similar in 2008 and 2010 and lower in 2009. The third most important OTU was OTU06 with 19% of the total clones. The relatively abundance of OTU06 was lowest in Impoundment 23 and in 2008 and much higher in the sparse habitat. The relative abundances of the other OTUs were much lower and with the exception of OTU02 and OTU03, the minor OTUs were often absent in replicate samples of the impoundments, sampling years and habitats (Table [1](#T1){ref-type="table"}).

###### 

**Distribution of clones related to ammonia-oxidizing betaproteobacteria over the different operational taxonomic units (OTUs), impoundments, sampling years, and Black mangrove habitats**.

  OTU            Impoundment   Sampling years   Black mangrove habitat                           
  -------------- ------------- ---------------- ------------------------ ----- ----- ----- ----- -----
  01             136           248              173                      145   66    167   89    128
  02             5             12               11                       3     3     7     9     1
  03             44            18               6                        35    21    20    33    9
  04             72            121              76                       41    76    25    59    109
  05             2             2                3                        1     0     0     2     2
  06             80            77               29                       71    57    12    101   44
  07             1             3                2                        1     1     0     2     2
  08             4             2                0                        4     2     3     2     1
  09             8             1                0                        9     0     8     0     1
  10             3             2                1                        4     0     3     0     2
  11             1             0                0                        0     1     0     0     1
  12             0             1                1                        0     0     0     1     0
  13             0             1                0                        0     1     0     0     1
  Total clones   356           488              302                      314   228   245   298   301

*OTUs are based on 97% mutual similarity of their 16S rRNA gene (418 bp)*.

![**Frequency distribution of different operational taxonomic units (OTUs) representing ammonia-oxidizing betaproteobacteria**. Soil samples had been taken in a non-flooded (number 23) and a rotationally flooded (number 24) Black mangrove-dominated impoundments in the Indian River Lagoon, Florida. Different colors indicate different OTUs.](fmicb-03-00153-g003){#F3}

With three exceptions, the OTUs were present in both impoundments (Table [1](#T1){ref-type="table"}). OTU01 contributed most (i.e., 34% of all OTUs) to the dissimilarities between both impoundments. OTU06 and OTU04 added 25 and 23%, respectively to these dissimilarities, while the other OTUs were less important for the dissimilarity between the impoundments. The major OTUs were present in all years (Table [1](#T1){ref-type="table"}). Some minor OTUs were only enumerated in one of the years. Figure [4](#F4){ref-type="fig"} shows the frequency distributions of the OTUs for the three years. With 35% of the total OTUs on average, OTU01 contributed most to the dissimilarities between the years. In addition, OTU04 and OTU06 accounted each for 25% on average, to the dissimilarities between the years with OTU04 being most important for dissimilarities between 2008 and 2010 and OTU06 between 2008 and 2009 and between 2009 and 2010. The dwarf and sparse habitats did not contain unique OTUs (Table [1](#T1){ref-type="table"}). OTU01 was most abundant in the dwarf habitat samples whereas OTU06 and OTU04 had the highest relative abundances in the sparse and dense habitats, respectively (Figure [5](#F5){ref-type="fig"}). Of all OTUs, OTU01 contributed the most to differences between the dwarf and sparse habitats and between the dwarf and dense habitats (38% both). OTU06 was the second most abundant OTU that contributed to the differences between the dwarf and sparse habitats (27%) and OTU04 also contributed to differences between the dwarf and dense habitats (29%). OTU01, OTU04, and OTU06 contributed equally to the dissimilarity between the sparse and dense habitats (29, 30, and 26%, respectively).

![**Frequency distribution of different operational taxonomic units (OTUs) representing ammonia-oxidizing betaproteobacteria**. Soil samples had been taken in three subsequent years (2008--2010) in two Black mangrove-dominated impoundments in the Indian River Lagoon, Florida. Different colors indicate different OTUs.](fmicb-03-00153-g004){#F4}

![**Frequency distribution of different operational taxonomic units (OTUs) representing ammonia-oxidizing betaproteobacteria**. Soil samples had been taken in three different habitats (dwarf, sparse, dense) dominated by Black mangroves (*Avicennia germinans*) in two impoundments in the Indian River Lagoon, Florida. Different colors indicate different OTUs.](fmicb-03-00153-g005){#F5}

Sequences of the clones being representative for the different OTUs according to the MOTHUR analysis showed close relationship with uncultured clones originating from mostly estuarine and marine habitats (Table [2](#T2){ref-type="table"}). Exceptions were the closest relative of OTU01 that were found in a saline wetland in Chile and OTU09 and OTU10 that were encountered in nitrifying bioreactors. All OTUs were similar to uncultured clones at a level of at least 97%. The number of lineages of β-AOB to which the OTUs belonged was rather limited. Only the lineages of *Nitrosomonas aestuarii*/*Nitrosomonas marina*, *Nitrosomonas* sp. Nm143, *Nitrosomonas europaea*, and *Nitrosospira* emerged from the search. OTUs belonging to the *N. aestuarii*/*N. marina* lineage, further referred as *N. marina* lineage, were by far the most numerous (Table [2](#T2){ref-type="table"}), followed by OTUs identified as being related to *Nitrosomonas* sp. Nm143 and *Nitrosospira* lineages. Only 14 out of 844 sequences belonged to the two OTUs related to *N. europaea* and they originated from a restricted number of soil samples in 2009 (Table [1](#T1){ref-type="table"}).

###### 

**Operational taxonomical units (OTUs) affiliated to ammonia-oxidizing betaproteobacteria recovered from mangrove soils and their most close relatives as retrieved from BLAST search**.

  OTU     Most related environmental clone        Most related type strain                                                                                                      
  ------- --------------------------------------- -------------------------- ------------------------------------------------ -------------------------- ---------------------- ----
  OTU01   Clone 8-1 (EU116365.1)                  99                         High altitude saline wetland in northern Chile   Dorador et al. ([@B16])    *N. aestuarii*         97
  OTU02   Clone A-48 (EU155069.1)                 98                         Prawn farm sediment                              Ma et al. ([@B28])         *N. aestuarii*         97
  OTU03   Clone B-36 (EU155078.1)                 99                         Prawn farm sediment                              Ma et al. ([@B28])         *N. aestuarii*         97
  OTU04   Clone B2-32 (GU988896.1)                100                        Sediment of the Pearl River Estuary, China       Jin et al. ([@B21])        *Nitrosomonas* Nm143   97
  OTU05   Clone ESNM071205_78H8AOB (FJ227881.1)   97                         Estuarine sediments                              Bano et al. ([@B5])        *Nitrosomonas* Nm143   96
  OTU06   Clone HP1 (AY186217.1)                  99                         Small California Estuary                         Caffrey et al. ([@B10])    *N. tenuis*            97
  OTU07   Clone CL1-2/E (DQ068703.1)              97                         Ythan estuary, Scotland                          Freitag et al. ([@B20])    *N. aestuarii*         96
  OTU08   Clone Bu-A10 (AB239560.1)               97                         Burrow wall of annelida                          Nakamura et al. ([@B32])   *N. aestuarii*         96
  OTU09   Clone NIT_108 (JN087936.1)              99                         Nitrifying bioreactor                            Bae and Lee ([@B3])        *N. europaea*          99
  OTU10   Clone NIT-EN-18 (HQ843696.1)            98                         Nitrifying bioreactor                            Bae and Song ([@B4])       *N. europaea*          98
  OTU11   Clone B2-19 (GU988887.1)                97                         Sediment of the Pearl River Estuary, China       Jin et al. ([@B21])        *Nitrosomonas* Nm143   95
  OTU12   Clone Nm 1107_3 (AM295524.1)            97                         Marine aquaculture biofilm                       Foesel et al. ([@B18])     *Nitrosomonas* Nm143   96
  OTU13   Clone C24s39r (AB239748.1)              97                         Sediment of wastewater treatment plants outlet   Urakawa et al. ([@B39])    *Nitrosomonas* Nm143   96

*OTUs are based on 97% mutual similarity of their 16S rRNA gene (418 bp)*.

Distribution of communities
---------------------------

Operational taxonomic units of β-AOB do not appear in single populations but in communities usually composed of different OTUs. In 16 of the 90 soil samples analyzed a single OTU of β-AOB was enumerated. The number of sequences obtained from the soil samples was variable with numbers ranging from 0 to 24, with an average of 10. The variable number of sequences per sample or community made it difficult to compare the community structure of the β-AOB. Hence, absolute numbers of sequences were converted to percentages of OTUs in the different soil samples; samples containing less than 5 sequences were arbitrarily excluded from further analyses, as small differences in these numbers will have a large effect on the relative distribution of OTUs.

Based on a pair-wise ANOSIM, the communities present in Impoundment 23 were significantly different from those detected in Impoundment 24 (Table [3](#T3){ref-type="table"}), but the difference was small (*R*-value close to zero). The comparison between years did not yield a significant time effect on the distribution of β-AOB, although the communities in 2008 were slightly different from those in 2010 (Table [3](#T3){ref-type="table"}). The β-AOB community composition differed significantly between habitats with the greatest difference between the dwarf habitat and the other two (Table [3](#T3){ref-type="table"}).

###### 

**Pair-wise similarities among communities of ammonia-oxidizing betaproteobacteria as obtained from an analysis of similarity (ANOSIM) between impoundments, sampling years, and habitats of Black mangroves**.

  Groups                   Comparison            *R*-value   *p*-value
  ------------------------ --------------------- ----------- -----------
  Impoundments             \#23 versus \#24      0.066       0.012
  Sampling years           All years             0.045       0.053
                           2008 versus 2009      0.040       0.102
                           2008 versus 2010      0.061       0.042
                           2009 versus 2010      0.036       0.115
  Mangrove habitat types   All types             0.151       0.001
                           Dwarf versus sparse   0.261       0.002
                           Dwarf versus dense    0.118       0.007
                           Sparse versus dense   0.076       0.028

*An *R*-value of zero means no difference between groups, whereas an *R*-value of one means an absolute difference between groups*.

Discussion
==========

Differences among mangrove habitats
-----------------------------------

Overall, the communities of the β-AOB were significant different between the three mangrove habitats. Hence, the hypothesis that environmental factors that determine differences in the growth, stature, and density of Black mangroves also affect the community composition of the β-AOB was confirmed. Communities in the dwarf mangrove habitat were more different from the communities in the sparse and dense mangrove habitats and the latter two were more similar to each other. Whigham et al. (Feller et al., [@B17]) showed that, although all mangrove habitats were limited by nitrogen availability, this limitation was most severe in the dwarf Black mangrove habitat. The degree of nitrogen limitation was expected to also have a selective pressure on the community composition of the β-AOB (Bollmann et al., [@B8]).

Overall, the communities of the β-AOB were slightly different in the two impoundments (Table [3](#T3){ref-type="table"}), which may have been due to differences in management (i.e., the pumping of estuarine water into Impoundment 24) or to small differences in the characteristics of the vegetation in the two impoundments. There were only salt pans, i.e., habitats with no other plant species than Black mangroves, in Impoundment 24 before the flooding of March 2009 started. In Impoundment 23 the dwarf Black mangroves were always more intermingled with other shrub plants.

Effects of flooding
-------------------

The hypothesis that flooding of Impoundment 24 would affect the composition of the betaproteobacterial community was not unequivocally confirmed. Although the communities changed significantly between 2008 and 2010, the change between March 2009 and March 2010, a period during which estuarine water was pumped into the impoundment for several months, was not significant. A non-significant change in the community composition did occur between 2008 and 2009, during which time east Florida experienced a prolonged winter drought leading to extremely low groundwater levels in the two impoundments (M. Rains, pers. comm.). Despite the winter drought of 2008/2009, the soil moisture content at the sampling sites was not significantly different between March 2008 and March 2009. Soil moisture increased significantly between 2009 and 2010 as a result of the pumping that was initiated the exact time that we sampled the sites in 2009. At the time of our 2009 sampling, however, the impacts of the addition of water to Impoundment 24 had not yet resulted in a change in soil moisture. Independent of sampling year, we found a consistent pattern of significantly increasing soil moisture from the dwarf habitat to the dense Black mangrove habitat with intermediate soil moisture content in the sparse mangrove habitat.

One might be surprised that flooding had only a limited effect on the community composition of the β-AOB. Since flooding will limit oxygen availability in the soil, it will also repress the activity of these obligate-aerobic bacteria. Hence, changes in community composition under flooded, oxygen-restricted conditions can only be due to differences in survival between the different lineages.

In addition to the change in community composition of the β-AOB between March 2008 and 2009, the activity levels of the potential AOB changed over the same time period from relatively high to low and they remained low in 2010 (Figure [2](#F2){ref-type="fig"}). In a preliminary study, we had also measured relatively high PAAs in soils collected from Impoundment 24. In March 2006, the average PAAs in soils from the dwarf, sparse, and dense mangrove habitats were 15, 19, and 34 nMol ammonia h^−1^ g^−1^ dry weight, respectively (P. Baas, unpublished results). In soils collected at the same sites in March 2007 the average PAAs were 14, 15, and 40 nMol ammonia h^−1^ g^−1^ dry weight, respectively (H. J. Laanbroek, unpublished results). Hence, the values measured in 2009 and 2010 in Impoundment 24 were low compared to the three previous years; indicating that activity level and community composition of β-AOB were affected by winter drought in 2008/2009 and not by the altered management that started in March of 2009. The potential activities measured in this study were in the same range as those observed in a *Rhizophora apiculata* (Red mangrove) forest in Makham Bay, Thailand, by Kristensen et al. ([@B24]).

Effect of salinity
------------------

Although the winter drought in 2008/2009 was not reflected in a measurable change in the soil moisture content, pore water salinity had increased by an average of 72% in the three habitats (range 61--90%) between March 2008 and 2009 (Figure [1](#F1){ref-type="fig"}). Following the onset of pumping of estuarine water into the impoundment in March 2009, pore water salinities decreased by an average of 43% (range 36--49% for the three habitats) by March 2010.

The effect of salinity on the community composition of β-AOB has been observed before, but typically in estuaries where salt concentrations vary from freshwater values to marine salinities of ∼30‰. In our study, salinities measured in the soils ranged from 29 to 79‰). In marine-dominated estuarine systems, β-AOB belonging to the *Nitrosospira* lineage (cluster 1) dominate, but also members of the *N. marina* and *Nitrosomonas* sp. Nm143 lineages have been identified (Francis et al., [@B19]; Cebron et al., [@B14]; Bernhard et al., [@B7]; Freitag et al., [@B20]; Mosier and Francis, [@B31]; Sahan and Muyzer, [@B34]; Jin et al., [@B21]). Francis et al. ([@B19]) stated that although salinity appears to play a role, no single physical or chemical parameter entirely explains the pattern of β-AOB diversity estuaries, suggesting that a combination of environmental factors may shape the overall level of AOB diversity in dynamic estuarine ecosystems.

In Mono Lake, a saline (68--79‰) and alkaline (pH 9.8) lake located just east of the Sierra Nevada range in northern California, Ward et al. ([@B41]) measured a dominance of β-AOB related to *N. europaea* and *Nitrosomonas eutropha* in 1995, whereas Carini and Joye ([@B13]) observed a dominance of *Nitrosomonas halophila*-related AOB in 2002/2003. The differences in the composition of β-AOB at Mono Lake were proposed to be the result of a switch in hydrological mixing regimes resulting in reduced ammonia availabilities.

Differential distribution of the three dominant lineages of β-AOB
-----------------------------------------------------------------

Based on their most close relatives, the major OTUs (i.e., OTU01, OTU04, and OTU06) identified from the impoundment soils represented the lineages *N. marina*, *Nitrosomonas* sp. Nm143, and *Nitrosospira* cluster 1, respectively (Table [2](#T2){ref-type="table"}). OTU01 consisting of *N. marine*-related clones was relatively abundant in Impoundment 24, in 2008, especially in the dwarf habitat (Figures [3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}). Prior to the pumping of water, the dwarf habitats in Impoundment 24 had the appearance of salt pans with no mangroves or scattered dwarf black mangroves in their center and high interstitial salt concentrations (Figure [1](#F1){ref-type="fig"}D). Subsequent to the initiation of flooding in Impoundment 24, the habitat was colonized by *Salicornia* spp. and interstitial salinities decreased. Also prior to the flooding of the impoundment, interstitial salinities were very high in all habitats, but especially in the salt pans, due to the regional drought that occurred in 2009 (Figure [1](#F1){ref-type="fig"}). The increase in interstitial salt concentrations in 2009 was coupled to an increase in relative numbers of OTU03 (Figure [4](#F4){ref-type="fig"}), which is also related to the *N. marina* lineage. The presence of the two related OTUs in the habitats with high interstitial salinities demonstrates that this lineage is more adapted to hypersaline concentrations.

OTU04 was comprised of *Nitrosomonas* sp. Nm143-related clones and it had a higher relative abundance in all habitats in 2010 and in the dense habitat in all 3 years that the soils were sampled (Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Soil moisture was highest in 2010 compared to 2008 and 2009 and it was also highest in the dense habitat in all 3 years (Figure [1](#F1){ref-type="fig"}). Therefore, it seems that members of this lineage are more adapted to higher moisture contents, which could be translated to limited oxygen availability, but also to changed accessibility of redox-sensitive nutrients such as iron and phosphate.

OTU06 consisting of *Nitrosospira* cluster one-related clones was relatively abundant in the sparse habitat. We were unable to identify a single soil factor or group of factors that were associated with OTU06. From an earlier study on the distribution of β-AOB in a tidal freshwater wetland (Laanbroek and Speksnijder, [@B25]), however, it was concluded that *Nitrosospira* lineages were better survivors under nutrient-limited conditions. Previous research at the current study sites has demonstrated the importance of nitrogen limitation on the growth form of black mangroves (Whigham et al., [@B42]). Nitrogen limitation is important in all three habitats but it may be the factor that is specifically associated with *Nitrosospira* cluster 1 in the sparse habitat.

Betaproteobacteria and other ammonia-oxidizing microbes
-------------------------------------------------------

A goal of our study was to determine if changes in impoundment management would alter the distribution of members of the β-AOB. Studies related to numbers and diversity of aerobic nitrifying microorganisms in mangroves are limited. Archaeal and bacterial *amoA* genes were found in rehabilitated and pristine mangrove forests dominated by Gray (*Avicennia marina*) and White (*A. alba*) mangroves in the vicinity of Bangkok, Thailand (Wickramasinghe et al., [@B43]). Most AOB related sequences belonged to the lineages *N. aestuarii*/*N. marina* and *Nitrosospira*. No members of the ammonia-oxidizing gammaproteobacteria were detected. The numbers of bacterial *amoA* genes in a *Kandelia obovata*-dominated mangrove forest in the New Territories of Hong Kong, outnumbered those of archaeal *amoA* genes by a factor of 5--12 (Li et al., [@B26]). The distance between individual mangrove trees had a significant effect on the community composition of the ammonia-oxidizing community of betaproteobacteria. The communities of β-AOB were grouped by the distance to the mangroves, whereas those of the archaeal *amoA* genes clustered into surface and deeper sediment groups. Most of the bacterial *amoA* clones identified from the mangrove forest soils belonged to clusters mostly related to the *N. marina* lineage. In a parallel analysis on the presence and diversity *amoA* genes of ammonia-oxidizing archaea and bacteria in polluted mangrove sediments in the Mai Po Nature Reserve of Hong Kong, the dominance of the *N. marina*/*N. oligotropha* was confirmed (Cao et al., [@B11]). No *Nitrosospira*-related *amoA* genes were detected. However, when applying the 16S rRNA gene, Co and co-workers detected two clusters of *Nitrosospira*-related sequences. The β-AOB outnumbered the AOA with 3--6 in the polluted mangrove sediments (Cao et al., [@B11]).

Meyer and colleagues (Meyer et al., [@B30]) reported for the first time on the presence of Planctomycetes in mangrove soils. These microorganisms are capable of oxidizing ammonia under anoxic conditions (i.e., Anammox bacteria). Wickramasinghe et al. ([@B43]) observed different phylotypes of ammonia-oxidizing Planctomycetes in rehabilitated mangrove forests in Thailand. The Anammox bacteria were related to *Candidatus* *Scalindua brodae* and *Candidatus* *Scalindua wagneri*. Again, no members of the ammonia-oxidizing gammaproteobacteria had been detected. In a study on the presence of Anammox bacteria in a mangrove forest soil near a shrimp pond in Haiphong, Vietnam, Amano et al. ([@B2])) observed mixed communities of Anammox bacteria dominate by phylotypes associated with *Candidatus* *Scalindua sorokinii* and *Candidatus* *Scalindua wagneri*. In the mangrove forest soils, they observed smaller numbers of sequences belonging to *Candidatus* *Kuenenia stuttgartiensis*, the phylotypes that dominated the sediment of the shrimp pond.

Conclusion
==========

In this study we observed a limited diversity among the lineages of ammonia-oxidizing betaproteobacteria in the three habitats. Although the lineages were not equally distributed among the different habitats, we were unable to identify critical soil factors that may have been responsible for the differences. However, as the distribution of the β-AOB lineages seems to parallel the differences in plant size and density in the three habitats, focusing future efforts on revealing the factors responsible for differences in the mangroves should also provide insight in to the factors responsible for differences in the microbial communities. Based on previous studies on nutrient limitations in mangroves, potential governing factors that should be examined are nutrient (i.e., ammonium) availability, salinity, frequency of tidal inundation, degree of soil anoxia, and pH. Such studies could well be done in microcosms containing natural mangrove soils as we have applied in a study on the effect of marine and estuarine water on the community composition of β-AOB present in a tidal freshwater wetland (Coci et al., [@B15]).

One might wonder whether the dynamics in environmental parameters are immediately reflected in changes in microbial community compositions that are based on DNA analyses. Inactive cells remain present in the soil when conditions change. Analysis at the RNA level would likely have given a more actual representation of the presence of active β-AOB and hence a better correlation with changing environmental conditions.
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